Introduction
============

Schizophrenia is a severe psychiatric disorder that exerts a profound impact on the individual and society, primarily due to chronic negative symptoms such as impaired motivation, reductions in spontaneous speech, and cognitive impairment. Furthermore, it is well-known that mortality rates for schizophrenia are extremely high. Indeed, several studies have suggested that schizophrenia is associated with an increased risk of mortality, reducing the life expectancy of affected individuals by 10--20 years relative to that in the general population.[@b1-ndt-14-2115],[@b2-ndt-14-2115] For several decades, schizophrenia was generally believed to be associated with a uniform lifetime morbid risk of 1%,[@b3-ndt-14-2115] although these effects may be influenced by smoking and other lifestyle factors.

Numerous family studies, twin and adoption studies, candidate gene analyses, and genome-wide association studies (GWASs) have suggested that genetic factors contribute to the etiology of schizophrenia.[@b4-ndt-14-2115] In addition, several features of schizophrenia are thought to be sex-specific, as the incidence of the disorder is 1.4 times higher among men than among women. Relative to women, men with schizophrenia exhibit an earlier age at onset, poorer premorbid history, a higher frequency of prenatal and perinatal complications, more pronounced deficits, poorer course, and poorer response to typical antipsychotic medications.[@b5-ndt-14-2115] Despite these findings, it remains unclear how sex differences influence the pathophysiology of schizophrenia.

Male-specific genetic risk factors such as loss of chromosome Y (LOY) in blood cells may help to elucidate the role of sex differences in schizophrenia. LOY is primarily discussed as a mosaic event, in which a mixture of cells with and without the Y chromosome can be observed in the peripheral blood of normally aging men.[@b6-ndt-14-2115] At the cellular level, LOY is a binary phenomenon: that is, a cell either has the Y chromosome or does not. Several studies have reported LOY in men of advanced age, suggesting that LOY is associated with aging.[@b7-ndt-14-2115]--[@b11-ndt-14-2115] Other studies have demonstrated that smoking is a major risk factor for LOY in the blood.[@b11-ndt-14-2115],[@b12-ndt-14-2115] Further, the median survival time after sampling of men with LOY is 5.5 years shorter than that observed in controls.[@b13-ndt-14-2115] Several research groups have also observed increased LOY in various diseases, such as hematological malignancies,[@b14-ndt-14-2115] non-hematological tumors,[@b15-ndt-14-2115] Alzheimer's disease,[@b9-ndt-14-2115] and autoimmune thyroiditis.[@b16-ndt-14-2115] Fontenelle et al further reported an association between LOY and Asperger's syndrome,[@b17-ndt-14-2115] and our recent study demonstrated that increased LOY can be observed in those who have completed suicide.[@b18-ndt-14-2115] However, no previous study has examined the association between LOY and schizophrenia. In the present study, we conducted the first investigation of LOY in patients with schizophrenia.

Materials and methods
=====================

Participants
------------

The present study was approved by the Ethical Committee for Genetic Studies of Kobe University Graduate School of Medicine, and our study design and all related procedures were performed in accordance with the Declaration of Helsinki. All participants provided written informed consent, were of Japanese descent, and were recruited from among the population of Kobe, Japan.

This study cohort consisted of 146 men with schizophrenia (median age: 60.0 years, interquartile range \[IQR 49.0--68.0\] years) and 214 age-matched controls (214 men; median age: 58.5 years, \[IQR 43.0--68.0\] years). The demographic and clinical characteristics of the participants are presented in [Table 1](#t1-ndt-14-2115){ref-type="table"}.

All patients with schizophrenia were diagnosed by at least two psychiatrists in accordance with criteria outlined in the *Diagnostic and Statistical Manual of Mental Disorders*, fourth edition (DSM-IV) or DSM-5 based on unstructured interviews and reviews of their medical records. The control group included healthy volunteers. None of the control participants had any present, past, or family (first-degree relatives) history of psychiatric disorders or substance abuse, excluding nicotine dependence. All control participants were interviewed and screened for psychiatric disorders based on an unstructured interview performed by a psychiatrist. We obtained information regarding smoking status for each patient with schizophrenia, although such information was not available for control participants.

Determination of LOY in peripheral blood
----------------------------------------

Peripheral blood samples were stored at −80°C prior to analysis. DNA was extracted using the QIAamp DNA Blood Midi Kit (Qiagen NV, Venlo, the Netherlands), in accordance with the manufacturer's instructions. Extracted DNA was quantified and underwent quality control using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). LOY was determined using quantitative fluorescence polymerase chain reaction as previously described.[@b15-ndt-14-2115],[@b19-ndt-14-2115],[@b20-ndt-14-2115]

The relative amount of Y chromosome was defined as the ratio of chromosome Y to chromosome X (Y/X ratio) based on the fluorescent signal of co-amplified short sequences from the Y-X homologous amelogenin genes (*AMELY* and *AMELX*). The ratio was discriminated based on a 6-base pair (bp) deletion in intron 1 of *AMELX* (106-bp fragment), which is not found in *AMELY* (112-bp fragment). Deletions or duplications in the *AMELY* region were excluded using a co-amplified homologous sequence primer set for *MYPT2* on chromosome 1 (176-bp fragment) and *MYPT2* on chromosome Y (two copies of 181-bp fragments). In addition, using another co-amplified homologous sequence set for *TAF9B* on chromosome 3 (140-bp fragment) and the X chromosome (144-bp fragment), we verified that there were no false positive cases of X chromosome loss or gain in the present study. An *AMELY*/*X* ratio of 1 indicates a normal result for male DNA samples due to the presence of one X and one Y chromosome. The normal *MYPT2*/*MYPT2Y* ratio is approximately one due to the presence of two copies of the gene on the Y chromosome and one copy on each copy of chromosome 1. The normal *TAF9B-X*/*TAF9B*-chr 3 ratio is 0.5 due to the presence of two copies of the gene on chromosome 3 and one copy on the X chromosome in male individuals.

The polymerase chain reaction (PCR) reaction mixture contained 2.5 µL AmpliTaq Gold 360 Master Mix (Applied Biosystems, Thermo Fisher Scientific), 20 ng genomic DNA, and 3 pmol of each primer, resulting in a total volume of 10 µL. PCR was performed under the following conditions: initial denaturation at 95°C for 5 minutes, 28 cycles denaturation cycles at 95°C for 1 minute each, annealing at 58°C for 1 minute, elongation at 72°C for 1.5 minute, and final elongation at 72°C for 30 minutes. PCR products were run on an Applied Biosystems 3,130 XL Genetic Analyzer (Applied Biosystems, Thermo Fisher Scientific) with GeneScan 600 LIZ (Applied Biosystems, Thermo Fisher Scientific) as an internal standard and were analyzed using GeneMapper version 4.1 (Applied Biosystems, Thermo Fisher Scientific). Because co-amplified fragments from the X and Y chromosomes exhibit a 6-bp difference (106 bp vs 112 bp, respectively), they are readily separated and quantified via capillary electrophoresis. Laboratory personnel were blinded regarding case--control status, and the sample order was randomized in each batch.

Statistical analysis
--------------------

Statistical analysis was performed using R version 3.4.1 (The R Foundation for Statistical Computing, Vienna, Austria) equipped with EZR version 1.36.[@b21-ndt-14-2115] Differences between groups were analyzed using Mann--Whitney *U*-tests, Fisher's exact tests, Cochran--Armitage trend tests, and logistic regression analysis, as appropriate. Relationships between continuous variables were analyzed using Spearman's rank correlation coefficient. We evaluated the presence or absence of LOY, coding Y/X ratios \<0.9 as LOY and Y/X ratios ≥0.9 as normal. This threshold was based on previous findings, which revealed that detection of LOY from single nucleotide polymorphism (SNP)-array data is robust and reproducible when LOY occurs in ≥10% of the nucleated cells in a blood sample.[@b6-ndt-14-2115],[@b12-ndt-14-2115],[@b13-ndt-14-2115] Dummy variables were used as necessary (phenotype, control =0, schizophrenia =1; smoking, no =0, past =1, yes =2). Statistical significance was defined as two-tailed *P*-values \<0.05.

Results
=======

LOY in peripheral blood
-----------------------

Spearman's correlation coefficients revealed negative correlations between age and Y/X ratio in both the schizophrenia (*r*=−0.329, *P*\<0.001) and control (*r*=−0.294, *P*\<0.001) groups ([Figure 1](#f1-ndt-14-2115){ref-type="fig"}), in accordance with the findings of previous studies.[@b7-ndt-14-2115]--[@b11-ndt-14-2115] Thirteen of 146 (8.9%) patients and 18 of 214 (8.4%) controls exhibited LOY (Y/X ratio \<0.9). As such, there was no significant difference in the frequency of LOY between the schizophrenia and control groups (*P*=0.851) ([Table 1](#t1-ndt-14-2115){ref-type="table"}). Logistic regression analysis revealed no significant effect of age on phenotype (*P*=0.982) ([Table 2](#t2-ndt-14-2115){ref-type="table"}).

Next, we investigated the effect of schizophrenia duration on LOY. We observed a positive correlation between the duration of illness and age in the schizophrenia group (*r*=0.776, *P*\<0.001) ([Figure S1](#SD1-ndt-14-2115){ref-type="supplementary-material"}). To adjust for the effects of age bias in subsequent analysis, we utilized data from patients with schizophrenia over the age of 53 -- the lower limit for LOY observed in the present study. In this subgroup, the duration of illness was significantly longer in patients with LOY than in those without LOY (*P*=0.0016), and there were no significant differences in age between patients with LOY and those without LOY (*P*=0.077) ([Table S1](#SD2-ndt-14-2115){ref-type="supplementary-material"} and [Figure 2](#f2-ndt-14-2115){ref-type="fig"}). Moreover, we observed no effects of smoking status or antipsychotic dose. To rule out potential confounders, we performed a logistic regression analysis, in which LOY was the response variable, while duration of illness, smoking status, and antipsychotic dose were the explanatory variables. The duration of illness was robustly associated with LOY (*P*=0.007, OR =1.11 \[95% CI =1.03--1.19\]) ([Table 3](#t3-ndt-14-2115){ref-type="table"}). However, no significant effect of age was observed (*P*=0.109) ([Table S2](#SD3-ndt-14-2115){ref-type="supplementary-material"}).

Discussion
==========

To our knowledge, the present study is the first investigation of LOY among patients with schizophrenia. Because the association between age and LOY has been well documented, we focus on age-adjusted comparisons between the groups. In accordance with previous findings, our analyses revealed an association between LOY and age in both the schizophrenia and control groups.[@b7-ndt-14-2115]--[@b11-ndt-14-2115] However, there was no significant difference in LOY between the two groups. In contrast, we observed that longer duration of schizophrenia was associated with LOY regardless of smoking status or daily antipsychotic dose.

Our results suggested that LOY was correlated with the duration of schizophrenia, but not with disease status. The association between age and LOY has been well documented. In addition, several research groups have also observed increased LOY in patients with aging-associated diseases, such as myelodysplastic syndrome[@b22-ndt-14-2115] and Alzheimer's disease.[@b9-ndt-14-2115] Taken together, these findings indicate that increases in LOY may also occur over a prolonged period in patients with schizophrenia.

Several studies have demonstrated that smoking is a major risk factor for LOY, and that the mutagenic effects are transient and dose-dependent.[@b11-ndt-14-2115],[@b12-ndt-14-2115] As smoking data were unavailable for control participants, we referred to public epidemiological data for smoking rates in Japan.[@b23-ndt-14-2115] Our analysis revealed that patients with schizophrenia exhibited a higher average smoking rate than that observed in the general population (41.7% vs 34.1%; [Table S3](#SD4-ndt-14-2115){ref-type="supplementary-material"}), in accordance with the findings of previous studies.[@b24-ndt-14-2115],[@b25-ndt-14-2115] However, we observed no significant difference in LOY between the schizophrenia and control groups, suggesting that differences in smoking rate do not influence the effect of smoking on LOY.

Recent European GWASs found that LOY was related to cell cycle regulation and genome instability.[@b10-ndt-14-2115],[@b11-ndt-14-2115] We hypothesized that disturbed cell cycle regulation and genomic instability play important roles in the pathophysiology of schizophrenia. Indeed, several studies have demonstrated that schizophrenia involves the aberrant regulation of cell cycle-related genes in the brain and peripheral blood, along with chromosomal aneuploidy in the brain.[@b26-ndt-14-2115]--[@b31-ndt-14-2115] Furthermore, a recent high-resolution genome-wide copy number variation (CNV) analysis using data derived from the Japanese population suggests that genomic instability is associated with the pathophysiology of schizophrenia, mainly due to genomic replication errors.[@b32-ndt-14-2115] However, no studies to date have revealed mechanistic links between genomic instability and schizophrenia. Further research is required to elucidate the mechanisms underlying the pathophysiology of schizophrenia.

There are several limitations in the present study. First, clinical information regarding smoking status, a factor known to affect LOY,[@b11-ndt-14-2115],[@b12-ndt-14-2115] was not available for our control participants. Although we investigated the influence of smoking on LOY using publicly available epidemiological data, it is unclear whether this influence was similar in our control participants. Future studies should include detailed information regarding smoking status (ie, cigarettes per day, duration of smoking) for both the schizophrenia and control groups. Second, we adjusted age to compare the duration of illness between participants with and without LOY in the schizophrenia group. However, precise elimination of the age effect requires an age-static cohort, in which all participants are sampled at the same age. Third, our calculations of antipsychotic dose may have been inaccurate, as these values reflected those at the time of blood sampling, and we did not integrate medication history. Finally, the sample size of our study may have been insufficient for detecting associations between schizophrenia and LOY. Larger sample sizes are required in future studies.

Conclusion
==========

This study indicated that schizophrenia may not have a remarkable effect on blood LOY; however, LOY might be involved in the disease course of schizophrenia. Our findings shed light on further investigation of LOY toward an improved understanding of the sex-specific features of schizophrenia.

Supplementary materials
=======================

###### 

Correlation between duration of illness and age in patients with schizophrenia. *P*-value and *r* values were calculated using Spearman's rho test.

###### 

Comparisons of demographic and clinical characteristics between participants with and without LOY in the schizophrenia group

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                             SCZ with LOY\            SCZ without LOY\           *P*-value
                                                                                             (n=13)                   (n=80)                     
  ------------------------------------------------------------------------------------------ ------------------------ -------------------------- ----------------------------------------------------
  Age (years) (median \[IQR\])                                                               68.0 \[66.0--76.0\]      65.0 \[60.0--72.0\]        0.077[a](#tfn13-ndt-14-2115){ref-type="table-fn"}

  Duration of illness (years) (median \[IQR\])                                               49.0 \[43.0--53.0\]      38.0 \[27.0--44.3\]        0.0016[a](#tfn13-ndt-14-2115){ref-type="table-fn"}

  Smoking (never/former/current)                                                             4/4/5                    18/28/34                   0.602[b](#tfn14-ndt-14-2115){ref-type="table-fn"}

  Antipsychotic dose (mg/day) (median \[IQR\])[c](#tfn15-ndt-14-2115){ref-type="table-fn"}   600.0 \[325.0--976.0\]   610.0 \[368.8--1,265.6\]   0.561[a](#tfn13-ndt-14-2115){ref-type="table-fn"}
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

*P*-value calculated using the Mann--Whitney *U*-test.

*P*-value calculated using the Cochran--Armitage trend test.

Antipsychotic dose was calculated based on chlorpromazine equivalents.

**Abbreviations:** LOY, loss of chromosome Y; SCZ, schizophrenia; IQR, interquartile range.

###### 

Logistic regression analysis of LOY in peripheral blood samples of patients with schizophrenia

  Explanatory variable   Response variable: LOY (Y/X ratio \<0.9)                  
  ---------------------- ------------------------------------------ ------- ------ ------------
  Age                    0.062                                      0.109   1.06   0.99--1.15
  Smoking status         −0.109                                     0.775   0.90   0.42--1.89
  Antipsychotic dose     −0.0001                                    0.745   1.00   0.99--1.00

**Notes:** For logistic regression analyses, LOY was the response variable, while age, smoking, and antipsychotic dose were the explanatory variables.

B represents the unstandardized partial regression coefficient.

**Abbreviation:** LOY, loss of chromosome Y.

###### 

Smoking rates in Japanese men

  Age (years)                                                      Smoking rate in Japan (%)                               
  ---------------------------------------------------------------- --------------------------- ------ ------ ------ ------ ------
  General population[a](#tfn20-ndt-14-2115){ref-type="table-fn"}   37.6                        43.2   43.2   41.0   31.9   16.9
  Schizophrenia[b](#tfn21-ndt-14-2115){ref-type="table-fn"}        0                           33.3   50.0   45.2   38.1   34.3

**Notes:**

The National Health and Nutrition Survey Japan, 2012.

Patients with schizophrenia in our study.
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![Relationship between age and Y/X ratio in blood samples from patients with schizophrenia and controls. All *P*-values and *r* values were calculated using Spearman's rho test.](ndt-14-2115Fig1){#f1-ndt-14-2115}

![Dot plot of age for men with and without LOY in schizophrenia.\
**Notes:** The red line represents 53 years of age. Significant differences in age were observed between patients with schizophrenia exhibiting LOY and those without LOY (median age: 68.0 years, IQR \[66.0--76.0\] years vs median age: 58.0 years, IQR \[48.0--67.0\] years) (*P*\<0.001). When the analysis was limited to patients over age 53, there was no significant difference between patients with and without LOY (median age: 68.0 years, IQR \[66.0--76.0\] years vs median age: 65.0 years, IQR \[60.0--72.0\] years) (*P*=0.077). ^a^*P*-values between patients with and without LOY were calculated using Mann--Whitney *U*-tests.\
**Abbreviations:** LOY, loss of chromosome Y; SCZ, schizophrenia; IQR, inter-quartile range.](ndt-14-2115Fig2){#f2-ndt-14-2115}

###### 

Demographic and clinical characteristics of participants for loss of chromosome Y study

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                            Control\              Schizophrenia\             *P*-value
                                                                                            (n=214)               (n=146)                    
  ----------------------------------------------------------------------------------------- --------------------- -------------------------- --------------------------------------------------
  Age (years) (median \[IQR\])                                                              58.5 \[43.0--68.0\]   60.0 \[49.0--68.0\]        0.125[a](#tfn2-ndt-14-2115){ref-type="table-fn"}

  Smoking (never/former/current)[b](#tfn3-ndt-14-2115){ref-type="table-fn"}                 --                    42/43/61                   --

  Age of onset (years) (median \[IQR\])                                                     --                    25.0 \[20.0--32.0\]        --

  Duration of illness (years) (median \[IQR\])                                              --                    33.0 \[18.0--42.0\]        --

  Antipsychotic dose (mg/day) (median \[IQR\])[c](#tfn4-ndt-14-2115){ref-type="table-fn"}   --                    675.0 \[375.0--1,250.0\]   --

  GAF score (mean ± SD)                                                                     --                    38.0±7.7                   --

  BPRS score (median \[IQR\])                                                               --                    42.0 \[39.0--53.0\]        --

  Presence of LOY (with LOY/without LOY)                                                    18/196                13/133                     0.851[d](#tfn5-ndt-14-2115){ref-type="table-fn"}
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** Accurate information regarding age of onset and duration of illness was available from the clinical records of 145 of 146 patients with schizophrenia. Accurate information regarding GAF and BPRS scores were available from the clinical records of 69 of 146 patients with schizophrenia.

*P*-value between schizophrenia and control groups calculated using Mann--Whitney *U*-test.

For smoking status, "never" refers to an individual who has never been a cigarette or cigar smoker, while "former" indicates an individual who had smoked in his lifetime but who was not a smoker at the time of blood sampling, and "current" refers to an individual who was a smoker at the time of blood sampling.

Antipsychotic dose was calculated based on chlorpromazine equivalents.

*P*-value between individuals with and without LOY calculated using Fisher's exact test.

**Abbreviations:** IQR, interquartile range; LOY, loss of chromosome Y; GAF, Global Assessment of Functioning; BPRS, Brief Psychiatric Rating Scale.

###### 

Logistic regression analysis of LOY in peripheral blood samples from patients with schizophrenia and controls

  Explanatory variable     Response variable: LOY (Y/X ratio \<0.9)                        
  ------------------------ ------------------------------------------ ------------- ------ ------------
  Phenotype (CON vs SCZ)   0.01                                       0.982         1.01   0.46--2.22
  Age                      0.09                                       \<**0.001**   1.09   1.05--1.13

**Notes:** For logistic regression analyses, LOY was the response variable, while phenotype and age were the explanatory variables. Boldface type indicates statistical significance (*P*\<0.05).

B represents the unstandardized partial regression coefficient.

**Abbreviations:** LOY, loss of chromosome Y; SCZ, schizophrenia; CON, control.

###### 

Logistic regression analysis of LOY in peripheral blood samples of patients with schizophrenia

  Explanatory variable   Response variable: LOY (Y/X ratio \<0.9)                      
  ---------------------- ------------------------------------------ ----------- ------ ------------
  Duration of illness    0.100                                      **0.007**   1.11   1.03--1.19
  Smoking status         −0.230                                     0.560       0.79   0.36--1.74
  Antipsychotic dose     −0.0001                                    0.894       1.00   0.99--1.00

**Notes:** For logistic regression analyses, LOY was the response variable, while duration of illness, smoking, and antipsychotic dose were the explanatory variables. Boldface type indicates statistical significance (*P*\<0.05).

B represents the unstandardized partial regression coefficient.

**Abbreviation:** LOY, loss of chromosome Y.
